Genetic variability in reaction norms reflects differences in the ability of individuals, populations and ultimately species to respond to environmental change. By increasing our understanding of how genotype Â environment interactions influence evolution, studies of genetic variation in phenotypic plasticity serve to refine our capacity to predict how populations will respond to natural and anthropogenic environmental variability, including climate change. Given the extraordinary variability in morphology, behaviour and life history in salmonids, one might anticipate the research milieu on reaction norms in these fishes to be empirically rich and intellectually engaging. Here, I undertake a review of genetic variability in continuous and discontinuous (threshold) norms of reaction in salmonid fishes, as determined primarily (but not exclusively) by common-garden experiments. Although in its infancy from a numerical publication perspective, there is taxonomically broad evidence of genetic differentiation in continuous, threshold and bivariate reaction norms among individuals, families and populations (including inter-population hybrids and backcrosses) for traits as divergent as embryonic development, age and size at maturity, and gene expression. There is compelling inferential evidence that plasticity is heritable and that population differences in reaction norms can reflect adaptive responses, by natural selection, to local environments. As a stimulus for future work, a series of 20 research questions are identified that focus on reaction-norm variability, selection, costs and constraints, demographic and conservation consequences, and genetic markers and correlates of phenotypic plasticity.
Introduction
'One must constantly keep in mind the elementary consideration which is all too frequently lost sight of in the writings of some biologists; what is inherited in a living being is not this or that morphological character, but a definite norm of reaction to environmental stimuli.
[A] mutation changes the norm of reaction. ' Dobzhansky (1937) Among the fundamentals of evolutionary biology is the stipulation that the phenotypic variability expressed by any trait is a function of the genetic variability in that trait (additive, epistatic and dominance variation), variability caused by the environment and variability resulting from the way in which the genetic variability interacts with the environmental variability. It was the third of these sources to which Dobzhansky (1937) focussed attention in the quote cited above from Genetics and the Origin of Species. Here, one of the great thinkers of evolutionary biology encapsulated what he perceived to be an overlooked yet fundamentally important element of evolutionary change, namely the ways in which mutation and selection act upon heritable variability in an individual's norm of reaction. Richard Woltereck introduced the term Reacktionsnorm over a century ago, justifying Blackburn and Schneider's (1994) characterisation of the subject matter as 'old wine' in their well-articulated description of the support by Dobzhansky, and others, of evolutionary research on plasticity. Woltereck (1909) focussed on exploring how the height of the head (as a percentage of body length) in different clones of Daphnia and Hyalodaphnia varied as a function of the amount of available food (algae). Norms of reaction can be described heuristically as linear or nonlinear functions that characterise the pattern with which the phenotypic value of a trait, for a given genotype, changes with the environment. Reaction norms provide graphical representations of phenotypic plasticity-the ability of a genotype to produce different phenotypes across an environmental gradient (Schlichting and Pigliucci, 1998; Sultan and Stearns, 2005) ; in effect, they describe how individuals respond to environmental change. As such, by providing information about the magnitude of trait plasticity and the presence of genotype Â environment interactions on the phenotypic expression of a given trait (de Jong, 2005) , norms of reaction have great potential to increase our understanding of the ability of genotypes, and ultimately populations and species, to respond adaptively to natural and human-induced environmental variability, including climate change (Visser, 2008) .
Overlooked during the year of the bicentenary of the birth of Charles Darwin, and the sesquicentennial of the publication of On the Origin of Species, was the centenary anniversary of the first publication on reaction norms (Woltereck, 1909) . As Schlichting and Pigliucci (1998) noted, the history of research on phenotypic plasticity and reaction norms is a lengthy one, beginning perhaps with Baldwin's 'new factor in evolution': individuals differ not only in phenotype, but also in the way that the phenotype can be altered by changing environmental circumstances (Baldwin, 1896) . Johannsen (1911) , writing that Woltereck's Reactionsnorm were 'fully compatible with the genotype-conception', linked reaction norms with genotypes and clearly recognised their potential importance in evolution.
It is not surprising, then, to discover a wealth of historical and contemporary research on phenotypic plasticity and reaction norms in many species, particularly plants, given their propensity for producing highly variable phenotypes (Goldschmidt, 1940; Schmalhausen, 1949; Bradshaw, 1965; Latta et al., 2007) . Given the extraordinary variability in morphology, behaviour and life history in salmonids (for example, Klemetsen et al., 2003; Hendry and Stearns, 2004) , one might anticipate the research milieu on reaction norms in these fishes to be empirically rich and intellectually engaging. This provides one impetus for this review of reaction norm research in salmonid fishes. Secondary objectives include opportunities to identify means by which plasticity research on salmonids has informed, and can inform, research on evolutionary change (cf. Hendry and Stearns, 2004) , and to identify questions and predictions that might stimulate future research.
For clarification, in this review I am implicitly assuming the slope of a trait's reaction norm (that is, its plasticity) to be a heritable trait in and of itself upon which selection can act (Via et al., 1995) . An alternative view (the 'character-state' approach) asserts that, rather than being a target of selection, plasticity evolves as a byproduct of selection on different values of the same trait in different environments (Via and Lande, 1985; Via et al., 1995 ). De Jong (1995 argued that the 'reaction-norm' model was more appropriate when studying graded responses to continuous environments (arguably more relevant to species such as salmonids), whereas the character-state model may be more appropriate when studying discrete responses to discrete environments. Notwithstanding the debate as to which theoretical model is more generally applicable (for example, Via et al., 1995) , the assumption that selection can act on reaction-norm slopes is supported by experimental work (for example, Scheiner, 2002; Nussey et al., 2005) and underlies recent evolutionary models of how plasticity affects adaptation to novel environments (Lande, 2009; Chevin et al., 2010) . In addition, I am assuming, following Lande (2009) , that both the slopes and the elevations of reaction norms can be genetically variable.
On another point of clarification, this review includes reaction norms for survival, in addition to those traits that might be more typically thought of as being plastic (for example, morphological, merisitic, life history, behavioural and physiological traits). Although the construction of survival reaction norms might not initially seem intuitive, they have been examined in a variety of species (as this review will illustrate) and there is no strikingly compelling reason to exclude them. Quantitative geneticists, for example, have long considered survival to represent a heritable trait upon which selection can act (for example, Falconer, 1960; Bradford, 1969; Johnson et al., 1999) . And although survival represents a manifestation of the actions of multiple genes and traits acting singly and in concert, in response to environmental change, the same is true for most traits for which plasticity has been estimated, such as body size, growth rate, swimming speed and foraging efficiency. Indeed, one could make the argument that, because of its typically high association with fitness, reaction norms for survival provide better representations of potential adaptation than reaction norms for single traits.
Trends in research on salmonids
Phenotypic plasticity To quantify temporal changes in research on plasticity and reaction norms, I searched the ISI Web of Science, using various combinations of keywords. To obtain papers on phenotypic plasticity and reaction norms in all species, the searches were restricted to the keyword combinations of 'phenotypic' and 'plasticity', and 'reaction' and 'norm', respectively. To obtain papers on plasticity and reaction norms undertaken on salmonids only, I used the above combinations in conjunction with the following: Salmo, Salvelinus, Oncorhynchus, Coregonus, Thymallus, salmon, trout, char, charr, whitefish and grayling. As articulated further below, it must be acknowledged that literature searches such as those employed here cannot be taken to represent the absolute number of papers published on a particular subject matter. Nor can one assume that the earliest papers identified by these searches truly represent the 'first' papers on either phenotypic plasticity or reaction norms; they almost certainly do not. However, notwithstanding these caveats, literature searches such as those undertaken here should reasonably reflect temporal trends in research in these subject areas, and that is the primary purpose for presenting these analyses here.
Over the past 50 years, the number of papers on phenotypic plasticity was remarkably few until 1990, whereafter they increased dramatically (Figure 1a ). Since the publication of fewer than five papers (all on plants) in the 1960s (for example, Bradshaw, 1965; Basak and Chaudhuri, 1967) , 12 in the 1970s and 69 in the 1980s, the number of papers on plasticity across taxa increased to 1567 in the 1990s and to 4419 from 2000 to 2009 (a 282% decadal increase). By comparison, according to the ISI search protocol employed here, there were no papers on phenotypic plasticity in salmonids until 1991; 50 papers were published in the 1990s and 180 from 2000 to 2009 (a 360% increase). So, despite the slower start, the number of papers on plasticity in salmonids appears to be increasing at a somewhat faster rate at present, on a decadal scale, than those on other taxa.
Although simple keyword searches can reveal qualitatively interesting temporal patterns, there are limitations associated with such an approach, which can bias the results both negatively and positively. In this context, all relevant papers may not have been secured because some authors might have neglected to include 'pheno-typic plasticity' either in their title or among their keywords. On the other hand, authors' selection of keywords can introduce a positive bias. For example, the earliest paper identified here on phenotypic plasticity in salmonids is a one-page introduction (which has never been cited, until now) to a special issue in Ecology (Gordon and Matson, 1991) ; the keywords were those identified by the organisers of the special issue, rather than necessarily being reflective of the issue's contents (none of the papers in the special issue were identified in the keyword search). As an additional positive bias, the keyword search protocol as applied to salmonid fishes unhelpfully identified papers on plasticity research on taxa other than salmonids, again because of the authors' selection of keywords.
The earliest papers in the ISI database that met the keyword criteria identified above, and that truly involved research on plasticity on a salmonid, were meristic and morphometric studies undertaken on lake herring, Coregonus artedii (Shields and Underhill, 1993) , and research on behavioural and life-history plasticity on Atlantic salmon, Salmo salar (Metcalfe, 1993; Hutchings, 1993a ). This work was followed in 1994 by behavioural and life-history studies on brook trout, Salvelinus fontinalis (McLaughlin and Grant, 1994) , and Atlantic salmon (Hutchings and Myers, 1994) , and on resource polymorphisms in a number of fishes, including salmonids (Robinson and Wilson, 1994) .
Notwithstanding the methodological caveats, there is reason to believe that the dearth of salmonid plasticity papers before and during the early 1990s revealed by the ISI keyword search is an accurate reflection of the state of plasticity research on these fishes, particularly within an evolutionary context, at that time. Blackburn and Schneider (1994) , who argued in effect that the study of genotype Â environment interactions across taxa was an emerging, albeit overdue, trend in evolutionary biology, made mention of only two papers on salmonid plasticity (Stickland et al., 1988; Eskelinen, 1989) among their 74 citations. Neither Stearns and Koella (1986) , Stearns (1989) nor Reznick (1993) cited papers on salmonid plasticity (save for those supporting the long-standing observation that age at maturity declines with individual growth rate; Alm, 1959) . Without being unduly semantic, for the purpose of this review, it is helpful to distinguish studies for which the research objective was to focus on plasticity per se from an ecological or evolutionary perspective from studies that simply revealed evidence of plasticity as an indirect consequence of the primary purpose for which the work was undertaken. In this regard, it seems fair to conclude that studies on the evolutionary ecology of salmonid plasticity were uncommon before the early 1990s.
Reaction norms
Although the number of publications on phenotypic plasticity in salmonids (n ¼ 260)-a family containing more than 150 species (Nelson, 2006 )-pales by comparison with those published on some genera (for example, 542 papers on plasticity in the ISI database on Drosophila spp. through 2009), it dwarfs the number of papers on salmonid reaction norms (n ¼ 62 through 2009). Contrary to the steady increase in papers on reaction norms across all taxa through the 1990s, there was a surprising, almost decadal, time lag in the onset of a similar increase in papers on reaction norms in salmonid fishes (Figure 1b) . On the basis of the output of the ISI keyword search, publications in which researchers had directed their research on salmonid reaction norms before 2000 were those undertaken on Atlantic salmon (Hutchings and Myers, 1994; Hutchings and Jones, 1998) , brown trout, Salmo trutta (Andreeva et al., 1996; Einum and Fleming, 1999) and brook trout, Salvelinus fontinalis, (Hutchings, 1996) , although the 'reaction norms' described by Einum and Fleming (1999) actually depicted responses within, rather than between, genotypes.
As mentioned previously, limitations of the keywordsearch approach mean that some publications that had specifically focussed on reaction norms in salmonids were missed. These include the threshold reaction norms for alternative reproductive tactics hypothesised by Hazel et al. (1990) , for which one example was that of coho salmon, Oncoryhnchus kisutch, and the empirically based reaction norms for age, size and reproductive effort at maturity (and how they might change under fisheries-induced evolution) constructed by Hutchings (1993b) . Although excluded from the keyword search results, there were salmonid reaction norms published before 1990; however, they were not described as such. With rare exception (for example, Beacham, 1988) , the primary focus of these studies was not genotype Â environment interactions or genetic differentiation in plasticity. Rather, the objective of much of this work was to compare the 'developmental performance' of individuals from different families and different populations under variable hatchery incubation environments (usually different rearing temperatures). With this in mind, there is a least one body of work, by Terry Beacham and Clyde Murray (and there may be others in the hatchery/ aquaculture literature), that provides a wealth of information on genotype Â environment interactions for characteristics in early life (typically during the embryonic or immediate post-hatching stages) among families, occasionally populations, in salmonids (for example, Beacham and Murray, 1985 , 1986a , b, 1989 . 
Genetic variability in continuous reaction norms
Common-garden experiments One of the strongest means of determining whether phenotypic differences between groups are genetically based is to undertake controlled experiments that minimise or negate the influence of environmental variation on the trait(s) of interest. This review of genetic differentiation in salmonid reaction norms focusses on those studies that employed a common-garden experimental protocol or some appropriate variant thereof (for example, reciprocal transplant experiment).
Including papers that fulfilled the keyword search criteria for salmonid reaction norms through 2009 (n ¼ 62) and the eight 'reaction-norm' papers published by Beacham and Murray, fewer than 25 provide experimental evidence of genetic variability in reaction norms among members of the same species (Table 1 ; Peres-Neto and Magnan (2004) constructed reaction norms at the species level). Most of these are for univariate continuous reaction norms, that is, those for which the phenotypic value of a single trait changes continuously with changes to the environment, as opposed to univariate traits that vary with the environment in a discontinuous manner. The former will be discussed here, and the latter, which will include threshold and bivariate reaction norms, will be discussed in the following section.
Differences among families
Published studies of genetic variability in salmonid reaction norms at the family level appear to be limited to Pacific salmon. The largest compendium of work on genotype Â environment interactions at the family level in salmonids is that completed by Beacham and Murray. Their research, which encompassed all North American species of the genus Oncorhynchus, except O. mykiss and O. clarki, documented significant genotypic differences in responses by several traits expressed in early life to changes in water temperature. Their earliest work revealed highly variable slopes in norms of reaction for survival and somewhat less variability in those for length at emergence in chum salmon, O. keta (Beacham and Murray, 1985;  Figure 2 ), a pattern that appeared to hold true for pink salmon, O. gorbuscha, when reared at the same three temperatures (4, 8 and 12 1C; Beacham and Murray, 1986a) . Perhaps, because of an expansion of the temperature range in later studies of sockeye, O. nerka (2, 4, 8, 12 and 15 1C; Beacham and Murray, 1989 ) and coho salmon (1.5, 2, 4, 8 and 12 1C; Murray et al., 1990) , higher family-level variability in reaction-norm slope and elevation, than that documented previously for pink and chum salmon, becomes evident in reaction norms for egg survival and body size. Family-level differences have also been documented for developmental time to hatching in both sockeye and Chinook salmon (Beacham and Murray, 1989) , with Kinnison et al. (1998) noting that families of New Zealand Chinook salmon that developed relatively rapidly at warm temperatures did not also develop rapidly at colder temperatures.
A reciprocal transplant experiment recently revealed genetic differences in early-life reaction norms at the family level in Chinook salmon, O. tshawytscha. Comparing families from Big Qualicum and Quinsam Rivers in British Columbia (Canada), Evans et al. (2010) reported differences in the slopes of reaction norms for survival at two developmental stages and for length in early life. Interestingly, they found survival reaction norms to have lower variability during the yolk-sac stage (Figures 3a and b) than during the later fry stage when exogenous feeding begins ( Figures 3c and d) ; genotype Â environment interactions for fry length appeared to be similar to those for survival during the fry stage (Figures 3e and f) .
Although the number of species examined to date has been comparatively few, it seems reasonable to conclude that there can be substantial genetic variability at the family level in salmonid reaction norms for survival and body size in early life.
Differences among population crosses
The level of genetic differentiation between population crosses, such as F1 hybrids or backcrosses, appears to exceed that between families within the same population (or cross). On the basis of the ISI literature search, four studies have employed a population-cross comparison to study genetic variability in plastic responses by salmonids to environmental change. Three will be discussed here and the fourth (Piché et al., 2008) later in the section on discontinuous reaction norms.
The first of these studies examined compensatory growth in Atlantic salmon. Fraser et al. (2007) crossed Nova Scotian (Canada) salmon from Stewiacke River with those from LaHave River and then compared growth trajectories during and following a period of food deprivation. Their objective was to determine whether the accelerated, or compensatory, growth that typically follows periods of environmentally induced growth depression differed between Stewiacke Â Stewiacke salmon, LaHave Â LaHave salmon and Stewiacke Â LaHave F1 hybrids.
They predicted that long-distance migrants would express greater efficiencies in growth and maintain higher growth trajectories following food restriction than short-distance migrants. This hypothesis was based on the expectations that long-distance migrants (a) require larger body sizes to offset presumably higher energetic costs of migration and (b) face greater time constraints for growth, given that they must presumably depart from feeding areas at an earlier date than short-distance migrants to return to spawning areas at approximately the same spawning period. Under controlled environmental conditions, they found that the longer-migrating LaHave salmon grew more rapidly and experienced faster compensatory growth than Stewiacke salmon, which tend to migrate relatively short distances from their natal river; growth rates of F1 hybrids were generally intermediate. Their work indicates that compensatory growth rates can differ genetically among population crosses (although this need not always be the case; Morris et al., 2011) and that these differences may be adaptive.
Second-generation backcrosses, one of which involved Stewiacke River salmon, were used to explore the consequences of interbreeding between salmon that escape from aquaculture farms and their wild counterparts. Darwish and Hutchings (2009) compared temperature-based reaction norms for embryonic development, yolk-sac volume, growth, survival and body size among three crosses that involved salmon from Tusket River (Nova Scotia), Stewiacke River, and a farmed population four generations removed from the wild (Saint John River, New Brunswick, Canada): Tusket Â Tusket pure cross; Tusket Â (Tusket Â Stewiacke) backcross; and Tusket Â (Tusket Â Farmed) backcross. Reaction norms differed markedly among crosses, indicating that introgression involving individuals with comparatively few genetic differences can change the magnitude of genotype Â environment interactions considerably. If plasticity represents an adaptive response to local environments, changes to reaction norms resulting from outbreeding, be it with wild or farmed salmon, are unlikely to have a beneficial influence on fitness, although Darwish and Hutchings (2009) were unable to predict precisely what the consequences of such interbreeding might be for their crosses.
The potential fitness consequences of altered reaction norms resulting from introgression were, however, examined by Fraser et al. (2008) in their work on Atlantic salmon that inhabit acidified and non-acidified rivers in Nova Scotia. They compared the cumulative survival of alevins from six different crosses after 69 days of exposure to one of five different levels of pH (Figure 4 ). Comparing reaction norms among pure crosses at the highest levels of acidity (pH ¼ 4.6 and 4.9), salmon from the acidified Tusket River (which had experienced acid rain and low pH for 4-5 salmon generations) experienced considerably higher survival than both farmed salmon and wild salmon from the non-acidified Stewiacke River. The reaction norms of Tusket salmon crossed and backcrossed with farmed salmon had lower elevations than that of the pure Tusket cross, whereas that of the F2 Tusket Â Farmed cross was surprisingly higher. These differential survival responses to differing levels of pH provide some of the strongest evidence to date of local adaptation in a reaction norm in salmonids. Studies reporting results from a common-garden experimental protocol.
Genetic variability in salmonid norms of reaction

Differences among populations
Among the early common-garden experimental studies to explore the adaptive significance of naturally occurring variability in salmonid reaction norms was that undertaken on several wild populations of European grayling, Thymallus thymallus, by Haugen (2000) and Haugen and Vllestad (2000) in central Norway.
Although they once shared a common ancestor, the populations had been reproductively isolated from one another, and exposed to different environments, for a period of 13-18 grayling generations. This period of time was sufficient to allow for population differences to emerge in the responses of several early-life traits to changes in temperature (Figures 5a-f ). Highly significant sire and sire Â temperature effects provided additional evidence that the differential responses to temperature had a genetic basis. Given that the grayling populations, because of their common ancestry, must have once expressed the same set of reaction norms, the question was raised as to whether the present-day divergence had been caused by natural selection. Arguments in favour of the hypothesis that population differences in reaction norms represented an adaptive response to local environments were based on observations that the traits examined were closely linked to fitness and that grayling survival was highest at the temperatures that they were most likely to experience in the wild (Figure 5g ). Adaptation to local temperature was also the primary focus of Jensen et al.'s (2008) study of four Danish populations of brown trout, Salmo trutta. Using a common-garden experimental protocol, significant differences were documented in population-level reaction norms for several early life-history traits (Figure 6 ). Coupled with this variability was the observation that quantitative trait differentiation (Q ST ) exceeded neutral molecular differentiation (F ST ) for body length at two different developmental stages (alevin, swim-up). As documented by Haugen and Vllestad (2000) for grayling, Jensen et al. (2008) found evidence of genetic variability in plasticity among individuals within populations, as indicated by significant sire Â temperature interactions. They further supported their conclusion that population differences in reaction norms were a consequence of natural selection by arguing for potentially adaptive responses by alevin length and growth rate to temperatures that the populations were most likely to experience in the wild.
Although not focussing on the adaptive significance of population differentiation in plasticity per se, other studies have documented mixed evidence for genetic differences in reaction norms. Hendry et al. (1998) , for example, did find significant population differences in how survival from fertilisation to hatching varied with incubation temperature in sockeye salmon. By contrast, Kinnison et al. (1998) did not find population-level differences in reaction norms for early developmental traits in New Zealand Chinook salmon. The latter is an example of a study wherein reaction-norm divergence was expressly assessed but not found and, thus, not emphasised by the researchers. The degree to which this is common in the salmonid literature is not known.
Among the first examples of a genotype Â environment interaction at the level of gene transcription in salmonids is the study undertaken by Cô té et al. (2007) on brook trout. Using a common-garden experimental protocol, they found levels of mRNA transcription for growth hormone receptor to be significantly higher when trout were reared in salt water than in fresh water (Figure 7) . In a similar vein, the expression of major histocompatibility complex genes (for example, major histocompatibility complex class II genes) has been shown to change with temperature in rainbow trout (Nath et al., 2006) and brook trout (Croisetière et al., 2010) . A particularly fascinating result reported by Croisetière et al. (2010) is that the way in which the expression of the major histocompatibility complex class IIb gene in brook trout changes with temperature (which is approximately the elevation of the genomic reaction norm) appears to be associated with the base-pair length of an associated temperature-sensitive mini-satellite, which may be suggestive of a genomic underpinning for plasticity. This work is among recent studies to investigate reaction-norm variability at the gene tran- 
Genetic variability in discontinuous and bivariate reaction norms
Alternative reproductive tactics Members of the family Salmonidae have provided welldocumented examples of discontinuous variation in life history and behaviour. One of the most phenotypically extreme examples of alternative life histories in vertebrates is found in Atlantic salmon. Mature male parr reproduce at sizes 2-3 orders of magnitude smaller (by weight) and at much less than half the age of anadromous males, which breed following a migration to sea (Jones, 1959; Hutchings and Myers, 1988; Fleming, 1996) . Similarly variable anadromous and non-anadromous alternative phenotypes exist in brown trout (for example, Hindar et al., 1992; Klemetsen et al., 2003) and Chinook salmon (Healey, 1991) , whereas members of the genera Salvelinus and Coregonus are better known for their extraordinary life-history variability in the absence of seaward migrations (for example, Sandlund et al., 1992; Bernatchez et al., 2010) . Somewhat less extreme differences in size and age, although no less interesting evolutionarily, characterise differences between large 'hooknose' and smaller 'jack' males in Oncorhynchus spp. (Gross, 1985; Quinn, 2005) , both of which migrate to sea before reproduction.
Maturation as one of two alternative reproductive phenotypes (as does the probability of smolting and migrating to sea at a particular age; Thorpe, 1986; Beckman and Dickhoff, 1998; Thorpe et al., 1998) appears to depend on the attainment of a critical growth rate, body size, social dominance status or some combination thereof (Glebe et al., 1978; Leonardsson and Lundberg, 1986; Thorpe, 1986; Metcalfe et al., 1989; Bohlin et al., 1990) . To account for the influence of both environmental and genetic influences on the expression of alternative reproductive phenotypes, their incidence has been modelled in the quantitative genetic sense as a threshold trait having an underlying normal distribution for liability, being the first to do so for salmonids. Threshold traits describe characters determined by alleles at multiple loci that can be assigned to one of two or more distinct classes (Roff, 1996) . Individuals whose growth rate, size or condition (heritable traits, albeit heavily influenced by local environmental conditions) exceeds a genetically determined threshold would adopt one phenotype, whereas those whose state fell below the threshold would adopt the alternative phenotype. Application of threshold reaction norms to salmonid life-history research was a logical extension of this theoretical and empirical work.
Threshold reaction norms
The hypothesis that life-history patterns in salmonids are influenced by thresholds of some form is not new. Elson (1957) , for example, suggested that Atlantic salmon need to attain a specific body length before they migrate to sea as smolts. Several authors have argued that attainment of a body-size or growth-rate threshold (or some proxy thereof) determines whether Atlantic salmon migrate to sea at a given age or mature as parr in fresh water (Bailey et al., 1980; Leonardsson and Lundberg, 1986; Thorpe, 1986; Bohlin et al., 1990) . Thorpe (1986) alluded to genetically determined thresholds when he postulated that the growth rate that preceded a salmon's life-history decision to migrate to sea or not depended on a regulator of appetite that was itself genetically determined through a regulator of developmental performance.
The first discontinuous patterns of phenotypic variability to be explored explicitly as reaction norms in salmonids (coho salmon) appear to be those constructed by Hazel et al. (1990) . They developed a model for the evolution and maintenance of alternative reproductive phenotypes within populations in which they treated conditional strategies as polygenic threshold traits. In effect, they assumed that the reaction norm of each genotype-represented graphically as a step function (Figure 8a )-is characterised by an environmentally triggered threshold, or switch-point, at which the genotype would adopt the alternative maturation phenotype. Framing their argument within the context of evolutionarily stable strategies, Bohlin et al. (1990) had also argued that salmonid parr maturity was determined by a genetically determined, environmentally triggered threshold. Independently of Hazel et al.'s (1990) research, Hutchings and Myers (1994) adopted a reaction-norm model to account for the evolutionary persistence and stability of alternative maturation phenotypes in Atlantic salmon, arguing that genetic variability in reaction norms within populations should logically lead to genetic variability in parr-maturation thresholds among populations, a prediction also proffered by Bohlin et al. (1990) for brown trout and Atlantic salmon.
Although family-level differences in the incidence of parr maturity had been documented previously (for example, Saunders et al., 1982) , it was approximately a decade after the threshold reaction-norm papers that field evidence of population differences in parr-maturation thresholds were documented in salmonids: Atlantic salmon in Scotland (Baum et al., 2004) and Québec (Aubin-Horth and Dodson, 2004; Aubin-Horth et al., 2006) ; and masu salmon, O. masou, in Japan (Morita and Nagasawa, 2010) . The first experimental evidence of population genetic differentiation in threshold reaction norms in salmonids was provided by Piché et al. (2008) , based on common-garden experiments undertaken on crosses in Nova Scotia (Figure 8b ), although Nicieza et al. (1994) provided circumstantial evidence to this effect in their comparative study of differences in juvenile growth and patterns of length bimodality in Scottish and Spanish Atlantic salmon. Intriguingly, based on the results of a field-transplant experiment in Japan, Morita et al.'s (2009) work on whitespotted charr, Salvelinus leucomaenis, suggests that threshold reaction norms may, in themselves, exhibit plasticity; despite a common genetic origin for their charr, thresh- 11.5 10.5 9.5 8.5 7.5 11.5 10.5 9.5 8.5 7.5 11.5 10.5 9.5 8.5 7.5 11.5 10.5 9.5 8.5 7.5 11.5 10.5 9.5 8.5 7.5 11.5 10.5 9.5 8.5 Figure 5 Reaction norms for early life-history traits, as a function of temperature, for grayling, Thymallus thymallus, from three populations in central Norway: Aursjen-cold-water population (dot-dashed lines); Lesjaskogsvatn-intermediate-temperature population (dashed lines); Hårrtjnn-warm-water population (solid lines). Variables examined included: (a) length at hatching; (b) length at swim-up; (c) length at experiment termination; (d) specific growth rate; (e) time to 50% hatching; (f) yolk-sac volume; and (g) survival probability. Data re-drawn from Haugen and Vllestad (2000) . olds for maturity differed among groups transplanted to sites that differed in stream width (Figure 8c ).
Bivariate reaction norms
Patterns of association between age and size at maturity are the most commonly studied bivariate reaction norms, and the most common of these are probabilistic maturation reaction norms or PMRNs (rare studies of PMRNs in salmonids include those by Morita and Fukuwaka (2007) on Japanese chum salmon and by Kinnison et al. (2011) on New Zealand Chinook salmon). Given that PMRNs estimate the probability that an individual that has reached a specific age and size matures at that age and size, they are implicitly representative of univariate threshold reaction norms when each trait is considered separately. These probabilistic bivariate reaction norms have been employed with tremendous influence in the study of fisheries-induced evolution (for example, Heino et al., 2002; Olsen et al., 2004; Dunlop et al., 2009) . By controlling for the effects of growth rate on maturation, PMRNs have the potential to control for the effects of phenotypic plasticity on life-history traits, such that temporal changes in PMRNs might be indicative of genetic change (Dieckmann and Heino, 2007) . However, while PMRNs are almost certainly reflective of some degree of genetic change within some populations, there is uncertainty in the degree to which shifts in PMRNs can generally be considered indicative of evolution (for example, Kuparinen Although not explicitly addressing life-history variability in salmonids, Stearns and Koella's (1986) theoretically derived reaction norms for age and size at maturity provide templates for interpreting reaction norm variability in this family of fishes (Figure 9a ). Specifically, they hypothesised that the association between individual growth rate and mortality was the primary determinant of shape variability in bivariate maturation reaction norms. On the basis of field data for individual growth, life history and mortality for three Newfoundland (Canada) populations of brook trout, Hutchings (1993b) constructed multivariate reaction norms for age, size and reproductive effort at maturity (Figure 9b) as part of an attempt (of arguably limited utility) to predict how fishing mortality might influence the shapes of life-history reaction norms and subsequent yields to fisheries. Haugen (2000) documented significant differences in maturation reaction norms for age and size at maturity among five populations of Norwegian grayling (Figure 9c ). Although genetic differentiation in bivariate maturation reaction norms has yet to be documented in salmonids in a common-garden experiment, it seems highly probable that such work is imminent.
Issues arising
Fitness consequences of phenotypic change effected by reaction norms Surprisingly, little attention has focussed on the question of how reaction norm slopes and elevations are related to individual fitness and, thus, population viability and persistence, a deficiency noted by several authors (Hutchings, 2004; Hutchings and Fraser, 2008; Chevin et al., 2010; Reed et al., 2010) . For salmonid fishes, the question appears to have been explored initially in a modelling study of age-at-maturity reaction norms in brook trout on Cape Race, Newfoundland. On the basis of field-estimated age-specific schedules of survival and fecundity, and using the per-capita rate of population growth, r, as a measure of average individual fitness, Hutchings (1996) estimated the ages at maturity that maximised fitness along a gradient of individual growth. The fitness functions that emerged from this work were generally consistent with the prediction that early maturity is favoured by rapid growth and delayed maturity by slower growth. However, the fitness benefits to slow-growing trout of delaying maturity were shown to decline with reductions in survival attributable to external environmental factors, such that all trout in the population that experienced the highest mortality were favoured to mature at an early age, irrespective of their growth.
This apparently novel prediction that high adult mortality favours invariant reaction norms for age at maturity appears to be consistent with Haugen's (2000) report of invariance in age at maturity within a highmortality grayling population and may be concordant with temporal changes in the slopes of PMRNs in heavily harvested fish populations. Subsequent to the Newfoundland trout research, the only study in fishes (albeit not salmonids) to estimate the fitness associated with different positions along a reaction norm would appear to be McCairns and Bernatchez's (2010) work on genotype Â environment interactions in gene expression in threespine sticklebacks, Gasterosteus aculeatus.
To illustrate this point further, consider the linear reaction norms (solid lines) depicted in Figure 10 . As the phenotype changes along the positively linear reaction norm, the fitness of the genotype (dashed lines) may change as well, in a linear (w 1 ) or nonlinear (w 2 ) manner, Incidence male parr maturity Probability of maturing Length (mm) Weight (g) Figure 8 Threshold reaction norms for the adoption of alternative life histories: (a) hypothesised genetic variability in reaction norm switchpoints between life histories A and B within a single population (re-drawn from Hazel et al., 1990) ; (b) genetic differences in reaction norms for parr maturity in male Atlantic salmon, Salmo salar, as a function of growth rate (weight at 7 months) (original source: Piché et al., 2008) ; and (c) environmental differences in reaction norms for maturity in white-spotted char, Salvelinus leucomaenis, as a function of growth rate (length at 1 þ years) (original source: Morita et al., 2009). or it may remain constant (w 3 ). As Figure 10 is also meant to illustrate, changes in fitness may be realised irrespective of whether the reaction norm has a non-zero slope or not. The point here is that the slope of the reaction norm itself (with the possible exception of some norms of reaction for survival) does not provide reliable information on how plasticity affects fitness. (Chevin et al. (2010) have produced an heuristically appealing interpretation of how fitness changes along reaction norms in their Figure 1b .) One consequence of this uncertainty is that, in the absence of such information, it becomes very difficult to ascertain the adaptive value of variable levels of plasticity within a population. As a first approximation, one might assume that high levels of genotype Â environment interactions-reflected by highly variable reaction norm slopes-are indicative of high levels of responsiveness to environmental change and that such high genetic variability is a good thing. This assumption may be valid for some traits under some circumstances, but such an approximation overlooks the fact that plasticity can exact costs (for example, increased mortality associated with compensatory growth; Johnsson and Bohlin, 2006) . A steep reaction norm slope may, for example, reflect a high level of developmental instability. By contrast, recent evidence of a lack of plasticity cost in salmonids (Morris et al., 2011) underscores the fundamental point that if one does not measure the fitness consequences of variability in plasticity, the risk of drawing spurious conclusions concerning the adaptive significance of plasticity may be high.
Costs of plasticity: trade-offs and genetic correlations Although substantive work has been directed to descriptions of plasticity at various levels of biological organisation in salmonids (for example, family, ecotype, population), there is a dearth of studies directed to understanding the trade-offs associated with reaction norms (Ghalambor et al., 2007) . This deficiency is by no means unique to fishes. Angilletta et al. (2003) argued persuasively that theories on the evolution of reaction norms need to incorporate trade-offs related to resource acquisition (as commonly considered in behavioural ecology), resource allocation (common to theories and predictions of life-history evolution) and trade-offs Figure 9 Bivariate or multivariate reaction norms for maturity: (a) four predicted bivariate reaction norms between age and size at maturity that depend on the relationship between growth rate and mortality (re-drawn from Stearns and Koella, 1986) ; (b) multivariate reaction norms (delineated by thick black lines) for age, size and reproductive effort at maturity for two Newfoundland populations of brook trout, Salvelinus fontinalis: Freshwater River (left reaction norm) and Cripple Cove River (right reaction norm) (data re-drawn from Hutchings, 1993b) ; and (c) bivariate reaction norms for age and size at maturity for five populations of grayling, Thymallus thymallus, in Norway (data re-drawn from environmental gradient Figure 10 Hypothetical norms of reaction (Rl; solid lines) and associated hypothetical fitness functions (dashed lines). Irrespective of whether the reaction norm has a zero (upper reaction norm) or non-zero slope, as the environmental gradient changes from low to high levels, the fitness associated with phenotypic change stipulated by the reaction norm may increase (w 1 ), decline (w 2 ) or remain constant (w 3 ). Note that fitness is expressed here as r (the per-capita rate of population growth) and that the fitness functions with nonzero slopes encompass values of r less than 0.
resulting from specialisation for a given environment, such that an increase in performance within one range of environmental conditions is associated with a reduction in performance within another set of environmental conditions (a traditional focus of evolutionary physiologists).
Evolutionary reaction norm theory is generally silent on how selection responses in the plasticity of one trait might be linked with changes in the plasticity of a correlated trait (although to some degree this depends on whether one adopts a reaction-norm or character-state model of plasticity). Although it is acknowledged that genetic correlations are environment specific (Sgrò and Hoffman, 2004) , the grounds for theoretically and empirically addressing questions related to genetic correlations and plasticity seem particularly fertile. For traits that are genetically correlated with one another, to what degree (if any) might the plasticity in these traits also be genetically correlated with one another? That is, if reaction norms are heritable entities, to what extent might the slopes and/or elevations of the reaction norms of one trait be genetically correlated with the slopes and/ or elevations of the reaction norms of another trait? Indeed, to what extent are the slope and the elevation of the same reaction norm genetically correlated (Nussey et al., 2005) ? How might increases or reductions in the plasticity of one trait affect the plasticity of a genetically correlated trait?
Answers to these questions ultimately pertain to factors that constrain the magnitude and rate of evolutionary change that reaction norms might experience under various forms of selection.
Responses to natural and human-induced selection Selection experiments are invaluable to the study of evolution. In theory, they allow one to evaluate the magnitude of selection responses, the consequences to the mean and variance in per-capita population growth rate and the correlated responses in the average values, and in the plasticity, of other traits. However, the intractability of conducting selection experiments on many fishes, including salmonids, necessitates the use of models to predict how reaction norms might respond to natural and anthropogenic selection pressures.
As noted above, PMRNs have been used extensively to test the hypothesis that fishing has generated evolution in exploited populations. Although temporal shifts in PMRNs have been reported for a number of harvested fish populations (Dieckmann and Heino, 2007; Hutchings and Fraser, 2008) , a general framework for predicting the precise changes in life-history reaction norms resulting from increased fishing pressure seems to be lacking. Hutchings (1993b Hutchings ( , 2004 used age-specific survival and fecundity data on brook trout to predict how reaction norms for age, size and effort at maturity might respond to increases in adult mortality. As fishing mortality increased, selection was predicted to favour a flattening of reaction norms, notably for age and effort at maturity, such that individuals would be favoured to reproduce as early in life as possible and to expend the maximum amount of effort at that age, irrespective of growth rate. As noted previously, these hypothesised changes in plasticity are consistent with differences in life-history reaction norms in salmonid populations for which survival data are available (Hutchings, 1996; Haugen, 2000) . Thus, one might predict that increased fishing pressure would select for reduced levels of plasticity, leading to reaction norms having progressively shallower slopes (although it is worth noting that human-induced evolutionary changes in plasticity can be highly variable; Crispo et al., 2010) .
Anthropogenic selection on threshold reaction norms might also result in shifts in the switch-points that trigger the adoption of alternative life histories. Montgomery (1983) , for example, suggested that increased fishing mortality at sea might increase the frequency of the Atlantic salmon parr reproductive tactic because of the reduced survival of seaward migrants and, presumably, the reduced concomitant fitness associated with anadromy. Notwithstanding Myers et al.'s (1986) objection, it is logical to conclude that increased mortality among anadromous males at sea would increase the fitness associated with the parr tactic, leading to a shift in the inflection points of the reaction norms to lower growthrate thresholds, as hypothesised by Piché et al. (2008) for Atlantic salmon and by Thériault et al. (2008) for brook trout (Figure 11a) .
Research on Snake River fall Chinook salmon in the Columbia River (northwestern US) suggests another incidence of subyearling smolts body size at age Figure 11 Hypothetical examples of human-induced evolution on threshold norms of reaction. In example (a), increased fishing mortality of male Atlantic salmon at sea would be predicted to increase the fitness of male parr that mature in the absence of a seaward migration. This might be reflected in a shift in the growthrate threshold for parr maturity towards the left, lowering the growth rate required to attain parr maturity, and increasing the incidence of the parr tactic within the affected population ceteris paribus. In example (b), the construction of multiple dams is considered to have influenced the probability of survival by salmon smolts in the Columbia River, possibly resulting in an increase in the fitness associated with the tactic of migrating to sea as a yearling rather than as a sub-yearling. One mechanism by which a humaninduced evolutionary shift could be effected is through an increase in the body size threshold required for the salmon to migrate to sea as sub-yearlings.
means by which human-induced selection might genetically shift threshold reaction norms. Williams et al. (2008) hypothesised that dams may have altered the probability of surviving the freshwater environment to such an extent that it has resulted in an increase in the incidence of, and fitness realised by, smolts migrating to sea as yearlings rather than as subyearlings. One mechanism by which a human-induced evolutionary shift could be effected is through an increase in the body size threshold required for salmon to migrate to sea as sub-yearling smolts (Figure 11b ).
Questions, predictions and conclusions
One of the objectives of any review is that it will serve as a stimulus for further research. In that context, a series of questions, predictions and conclusions emerge, directly or indirectly, from this work. Although the questions can certainly be addressed in salmonid fishes, they are intended to be framed as generally as possible to increase their potential applicability to other fishes and other poikilotherms (see also Ghalambor et al., 2007) . On the basis of the breadth of salmonid research on reaction norms undertaken thus far, one might conclude that light is increasingly being shed on answers to a small subset of these questions, beginning with information on plasticity among families (for example, Beacham and Murray, 1985, 1986a, b) , continuing with work documenting genetic differences in reaction norms among populations (for example, Haugen and Vllestad, 2000; Fraser et al., 2008; Piché et al., 2008; Evans et al., 2010) , and continuing further with recent initiatives to document plasticity in gene expression and transcription (Cô té et al., 2007; Aubin-Horth and Renn, 2009) . Notwithstanding the progress that has been made in recent years, much remains to be done to further our understanding of the adaptive significance, constraints/ costs and selection of reaction norms, and of the consequences of reaction-norm variability to population viability and conservation biology.
To conclude, the persistence of a species depends on the resistance and resilience of its populations to anthropogenic and natural environmental perturbation Schindler et al., 2010) . Thus, in addition to increasing our understanding of how genotype Â environment interactions influence evolution (Blackburn and Schneider, 1994; Sultan and Stearns, 2005; Crispo, 2008) , studies of genetic variability in phenotypic plasticity should serve to refine our capacity to predict how organisms will respond adaptively to new environments (Ghalambor et al., 2007) , including those resulting from climate change (Nussey et al., 2005; Visser, 2008; Reed et al., 2010) . Although reaction-norm research in salmonids might be described as being in its infancy from a numerical publication perspective, a strong argument can be made that it has matured sufficiently to permit some degree of generalisation. Work undertaken to date has also provided a sufficiently strong theoretical and empirical foundation upon which unexplored questions, such as those referred to above, might be addressed and future research initiatives undertaken.
Being mindful of a publication bias that might render genetic differences in reaction norms more likely to be reported than not, there would appear to be ample evidence of genetic differentiation in reaction norms among individuals, among families and among populations in salmonid fishes. Although firm evidence of additive genetic variability in salmonid plasticity has yet to be reported, it seems highly probable that such variability exists and that selection (both natural and anthropogenic) can act, and has acted, upon reaction norms. This review would suggest that there is ample intellectual grist for re-bottling the century-old concept of reaction norms into the new research opportunities proffered by the extraordinarily plastic family of salmonid fishes.
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